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Abstract 
Previous studies of CO2 leakage from wells have assumed that either CO2 leaks into aquifers in the form of a radial 
lateral buoyant lateral plume of gaseous CO2 or as a lateral radial plume of CO2 dissolved water. These assumptions 
are not based on any actual observations of the nature of gas leakage from well bores. No direct information appears 
to exist on CO2 leakage from actual CO2 wells so to understand better this phenomenon. In fact the seminal papers 
on this topic may have chosen these models because of ease of mathematical manipulation. A wide range of 
information on the nature of leakage of methane from natural gas wells has been compiled. Analysis of this evidence 
suggests that methane neither forms buoyant radial plumes of gas, nor radial plumes of dissolved methane. Rather 
methane appears to be transported dominantly vertically by a combination of bubble and slug flow.  Bubble flow 
occurs by bubbles of methane (or CO2) gas buoyantly rising up fractures. Slug flow is initiated when multiple 
bubbles amalgamate in a fracture to form a film that moves as a single mass. Slugs have very low surface area and 
therefor minimize the dissolution of the gas phase. Both bubbles and slugs in fractures move in an essentially vertical 
direction.  The evidence for bubble and slug flow of methane comes from a variety of observational sources 
including: 1) measurement of methane concentrations radially away from a leaking well over a period of years; 2) 
evidence of gas scavenging (a phenomenon that cannot occur if the gas is in the dissolved phase); and 3) observations 
of concentrated bubbles emerging immediately around a gas wells following a sub-surface blowout while 
measurements of dissolved methane in surrounding water wells demonstrated minimal methane concentrations.. 
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Methane gas has also be directly imaged by down-the-hole cameras, emanating from fractures in the side of a water 
well as a string of bubbles.  In this case again little if any methane dissolution into the aquifer had occurred. As a 
result damage to vegetation around leaking natural gas wells is typically found to be a radial zone around the well 
head less than a meter in diameter. An assumption of rapid CO2 dissolution into aquifers assumes that there is 
intimate contact between CO2 and water or brine. If CO2, like methane is dominantly transported by a combination 
of bubble and slug flow then the surface area of CO2 exposed to the water phase will be relatively minimal and little 
dissolution will occur.  If CO2 gas leaking from a well into an aquifer, behaves in a similar way to methane many of 
the negative environmental consequences (such as metal contamination resulting from dissolved CO2 lowering the 
aquifers pH), will not occur. This analogue, if applicable, has significant implications for how wells should be 
monitored for leakage. Current monitoring conceptualizations based on monitoring wells are probably not the best 
approach. 
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1. Introduction 
Risks associated with CO2 leakage are fundamental concerns for geologic CO2 sequestration projects. 
Understanding the nature and mechanisms of leakage is a key to evaluating these risks. Thus far research 
in this area has focused on the evaluation of potential migration pathways. Existing wellbores, such as 
abandoned oil and gas wells, and water wells are likely paths for vertical migration of CO2. In addition 
wells drilled as part of the CO2 sequestration project, have been identified as high risk pathways for 
leakage of CO2 from sequestration reservoirs. Risk assessment for future sequestration projects will 
depend in some part in establishing an understanding of the nature of this hazard. 
A number of studies of the potential health risks related to CO2 leakage from sequestration sites have 
examined the impact CO2 creating low PH in groundwater aquifers with the resultant dissolution of 
potentially toxic elements such as arsenic in to the water. For example, Wilkins and Digiuli (2010) noted 
allow CO2 to escape to overlying formations where it will dissolve into groundwater and alter 
geochemistry 
deep geological formations occurs, CO2 can migrate through overlying potable aquifers and induce 
geological, chemical, and/or microbiological changes in shallow groundwater, which can be an 
including H2CO3, HCO3-, and CO3 2-, 
of aquifer water pH may release harmful metals, such as arsenic and uranium, into the water  
Studies of natural analogues for CO2 sequestration suggest that either a different scenario for CO2 
leakage, or different mechanisms or controlling factors are at work. For example Lewicki et al. (2007) in 
a comprehensive literature review of natural analogues such as hot springs with high CO2, concluded that 
the impact of CO2 on groundwater chemistry appeared to be relatively minor and that impairment of 
drinking water quality was seldom if ever established. Similarly a more recent study by Keating et al. 
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(2010), studying a natural CO2-rich hot spring system in New Mexico  have found that despite the fact 
that the concentration of dissolved CO2 is high in the groundwater, there was no significant observed 
decrease in pH or mobilization of metals trace elements. 
The discrepancy between the modeling of CO2 leakage and its impacts on groundwater and the 
consensus of the natural analogue studies that real CO2 leakage scenarios seem to have very different 
outcomes, justifies further study of the possible nature and mechanisms of CO2 leakage both from wells 
and through shallow aquifers.  
No direct information appears to exist on CO2 leakage from actual CO2 wells so to understand better 
this phenomenon. CO2 injection wells associated with CO2 Enhanced Oil Recovery projects have been 
operational for nearly four decades however no examples of leakage have been documented. Previous 
studies of CO2 leakage from wells have assumed that either CO2 leaks into aquifers in the form of a 
radial lateral buoyant lateral plume of gaseous CO2 (Celia and Nordbotten, 2009)  or as a lateral radial 
plume of CO2 dissolved water, or some combination of the two. This model is based on a set of 
assumptions rather than being based on any actual observations of the nature of natural gas leaking from 
wells.  
This paper examines evidence for the nature of natural gas leakage both from leaking gas wells and in 
shallow aquifers. This information is used to propose a distinctively different scenario and mechanism to 
the currently favored models. This scenario is based on leakage being dominated by vertical buoyant 
transport of gas as bubbles and slugs, largely confined to fractures. Slugs are merely bubbles with the 
dimensions of pancakes, formed by aggregation of bubbles in fractures. The key impact of bubble/slug 
flow is that they have minimal surface area compared to the volume of contained gas and thus result in 
minimal gas dissolution. 
This paper examines the evidence for bubble/slug flow in leaking natural gas wells and in transport of 
natural gas in shallow aquifers. It then suggests some possible implications for predicting the future risks 
associated with CO2 sequestration. 
 
 
2. Observations of the Leakage of Methane from Natural Gas Wells 
 
The evidence for the nature of the mechanisms for leakage of natural gas well is fragmentary and 
larger indirect. Gurevich et al. (1993) were perhaps the first to attempt to systematically review the 
mechanics of leakage of methane from natural gas reservoirs. They describe the mechanism of 
intergranular flow migration gas [bubbles] through water-filled porous rocks  whereby 
gas bubbles migrate through ranular or microfracture porosity. They further described a 
circumstance in which the gas bubbles have a diameter less than that of the width of the fracture in which 
the bubble moves upwards in response to buoyancy forces. They calculated that a a gas bubble with a 
radius of 0.1 cm will rise in a slightly larger fracture at a velocity of 0.22 cm/s. It is interesting to note that 
Gurevich et al. (1993) emphasize the importance of vertical migration and do not mention dissolution and 
lateral migration in shallow aquifers as a possible gas migration mechanism. 
Another line of evidence constraining the nature of methane migration in the subsurface is the 
common observation off geochemical anomalies of this gas and other light hydrocarbons vertically 
overlying oil and gas reservoirs. Price (1986) has reviewed the evidence for vertical migration of 
hydrocarbons (particularly methane) from oil and gas reservoirs to the surface. This phenomenon has 
been well established by the hydrocarbon exploration community. Brown (2000) has provided a 
comprehensive review of the mechanisms that create such anomalies, noting that they are commonly 
explained by rapid, vertical migration of colloidal gas bubbles through fracture networks
continuous gas-phase flow in fractures . 
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Old natural gas wells in Alberta that have long been known to be leaking have a radial zone of less 
than a few meters of dead grass that is interpreted to represent the surface expression of a vertical pipe 
like zone of leakage (see for example Taylor et al., 2000 and Van Stempvoort et al., 2005). Bubbles are 
sometimes observed in water puddles or mud within this zone. In Pennsylvania within the Marcellus shale 
a similar phenomenon is observed around the immediate vicinity of natural gas wells. Van Stempvoort et 
al., (2005) describe a study in which the authors attempted to measure lateral migration of methane from a 
leaking natural gas well, as part of a long term study to understand  occurrence, migration pathways, 
and fate of fugitive natural gas ground water and soils associated with leaking hydrocarbon 
production wells.  
The evidence for bubble and slug flow of methane comes from a variety of observational sources 
including:  
1) measurement of methane concentrations radially away from a leaking well over a period of years;  
2) evidence of gas scavenging (a phenomenon that cannot occur if the gas is in the dissolved phase); 
and  
3) observations of concentrated bubbles emerging immediately around a gas wells following a sub-
surface blowout while measurements of dissolved methane in surrounding water wells demonstrated 
minimal methane concentrations. 
Methane gas has also be directly imaged by down-the-hole cameras, emanating from fractures in the 
side of a water well as a string of bubbles.  In this case again little if any methane dissolution into the 
aquifer had occurred.  
 
 
 
5. Discussion and Conclusions 
 
The nature of leakage of gases from gas wells is not well understood. Unfortunately the problem is not 
readily studied by the current tools available to us. No direct information appears to exist on CO2 leakage 
from actual CO2 wells so to understand better this phenomenon. CO2 injection wells associated with 
CO2 Enhanced Oil Recovery projects have been operational for nearly four decades however no 
examples of leakage have been documented.  
Scenarios that rely on rapid CO2 dissolution into aquifers implicitly assume that there is intimate 
contact between CO2 and water or brine. If CO2, like methane is dominantly transported by a 
combination of bubble and slug flow then the surface area of CO2 exposed to the water phase will be 
relatively minimal and little dissolution will occur.  If CO2 gas leaking from a well into an aquifer, 
behaves in a similar way to methane many of the negative environmental consequences (such as metal 
contamination resulting from dissolved CO2 lowering the aquifers pH), will not occur. This analogue, if 
applicable, has significant implications for how wells should be monitored for leakage. Current 
monitoring conceptualizations based on monitoring wells are probably not the best approach.  
However the empirical observations that methane bubbles come to the surface in the immediate area 
around leaking natural gas wells does suggest that a model in which bubble flow in fractures dominate is 
worthy of consideration.  
A wide range of information on the nature of leakage of methane from natural gas wells has been 
compiled. Analysis of this evidence suggests that methane neither forms buoyant radial plumes of gas, 
nor radial plumes of dissolved methane. Rather methane appears to be transported dominantly vertically 
by a combination of bubble and slug flow.  Bubble flow occurs by bubbles of methane (or CO2) gas 
buoyantly rising up fractures. Slug flow is initiated when multiple bubbles amalgamate in a fracture to 
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form a film that moves as a single mass. Slugs have very low surface area and therefor minimize the 
dissolution of the gas phase. Both bubbles and slugs in fractures move in an essentially vertical direction.  
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